In 1903, Farabee analyzed the heredity of the human digital malformation, brachydactyly, the first recorded disorder of the autosomal dominant Mendelian trait. In 1951, Bell classified this type of brachydactyly as type A1 (BDA1). Over 100 cases from different ethnic groups have so far been reported. However, the real breakthrough in identifying the cause of BDA1 has only taken place in the last few years with the progress of the mapping and identification of one of the genes responsible for this disorder, thus providing an answer for a century old riddle. In this article, we attempt to review the current state of knowledge on the genetic features of BDA1 with its century-old history and signalling pathway of IHH, and also discuss genotype-phenotype correlation not only of BDA1, but also of all types of brachydactyly.
History and Introduction
Mendel's law has shaped the whole study of genetics since Gregor Mendel published his work (1865) based on his famous pea plant experiment. However, it took thirtyfive years for the scientific community at that time to appreciate his pioneering work. Three years after the rediscovery of Mendel's law by De Vries, Correns and Von Tschermak in 1900, the theory was first applied to humans by William Curtis Farabee (1865 Farabee ( -1925 , a graduate student of Castle, the director of the Bussey Institute at Harvard University and it provided the background for much of the early work in human genetics. Farabee analyzed the heredity of a human hand malformation, brachydactyly, the first disorder to be described as an autosomal dominant Mendelian trait, as part of his doctoral dissertation in 1903 [1] (Fig 1) . Members of five generations in one family from Pennsylvania were affected with half of the offspring having the anomaly (more than 30 cases). Farabee concluded that "the present case demonstrates that the law operates in man as in plants and lower animals. The abnormality is shown here to be a dominant character." Looking back on the last one hundred years, the progress in the field of human genetics stands out as a monumental achievement. Over 1,000 phenotypes have been identified as gene related (OMIM). Understanding the history and current advances in the studies of Farabee's brachydactyly may signal our progress in this field due to its special position that have been even cited in many genetic textbooks. Drinkwater (1908[2] , 1912 [3] and 1915 [4] ) performed a comprehensive study of families with Farabee type brachydactyly, and this was subsequently classified as Brachydactyly type A1 (BDA1) by Bell in 1951 [5] . Haws and Mckusick in 1963 followed up the study of Farabee's Brachydactyly family [6] . Since then, many BDA1 families or individuals have been reported (Temtamy 1978[7] ; Laporte 1979[8] Some scientists tried to identify the gene responsible for BDA1, which can lead to unraveling the link between gene regulation and morphogenesis of the digits, and contribute to developmental biology. Mastrobattista [12] (1995) excluded a number of candidate genes in his study of two families with multiple affected members. Yang et al [16] (2000) and Gao et al [17] (2001) went further by mapping and identifying the gene for Brachydactyly type A1, IHH (Indian hedgehog), using their own samples. Their works have shed light on the BDA1-causing gene with leading to a number of papers published.
Clinical features (In chronological order, also see supplement in phenotype classification)
Farabee's brachydactyly was characterized by shortness of the middle phalanges of all digits in the hands and feet, shortness of the proximal phalanx of the first digit, and occasional fusion of the middle and terminal phalanges. In some individuals, the metacarpals were also short. Affected family members had short stature compared to normal family members. In the 1950s, three surviving members of Farabee's original family were revisited by Haws and McKusick (1963) [6] . Two family members were found to have more generalized skeletal abnormalities but no epiphyses were demonstrable in the middle phalanges of affected children.
Descendents of Drinkwater's first and third families in 1908 [2] and 1915 [4] were studied by Slavotinek (1998) [13] and [20] , respectively. Both families had typical characteristics of Farabee's brachydactyly but considerable inter-and intrafamilial heterogeneities were observed. In some individuals, BDA1 occurred as an isolated malformation. Others also experienced musculoskeletal abnormalities, scoliosis, nystagmus, and/or developmental delay. Short stature among affected individuals was not consistent. Drinkwater's speculation (1915) [4] that the two families were related has recently been confirmed by the identification of a common haplotype [20] , and both families are likely to be related to the Farabee's family through an individual named Benjamin Hyde. The family studied by Farabee migrated from England to Pennsylvania while the family studied by Drinkwater remained in England. However, this relationship was never proven and questioned by Hawes and Mckusick in 1963 [6] . Bell (1951) [5] classified inherited brachydactyly into five types, A, B, C, D, E on the basis of malformation of the digits and further subdivided type A into A1, A2 and A3 subtypes. In types A2 and A3, the shortening is confined to the middle phalanx of the index finger and digit 5, respectively. McKusick 1975 [21] added types A4 where the middle phalanges of digits 2 and 5 are short and A5 where the middle phalanges are missing, but both falls into Bell's type A1 as reclassified by Fitch (1979) [22] . Fitch's reclassification of A1 looks more comprehensive. For example, the hands are broad, with proportionate shortening of all the digits; all the hand bones may be shorter than those in normal hands but the middle phalanges and the proximal 1 st phalanges are the most severely shortened because they are the last to ossify. Wherever middle phalanges are reduced or missing, no distal interphalangeal joints are formed.
In 1978, Temtamy reported BDA1 phenotypes in a black family [7] ; in 1979, Laporte reported five members of a family with classical BDA1 [8] ; and in 1983, Piussan described several women in a family with both BDA1 and some other phenotypes, such as, ankylosis of the thumbs, mental retardation and short stature [9] . In another study of six years later, Tsukahara (1989) reported BDA1 accompanying many abnormalities and mental retardation [10] . A combination of BDA1 and Klippel-Feil anomaly was described by Fukushima in 1995 [11] ; Mastrobattista in 1995 reported two typical BDA1 families of Scandinavian and Mexican descent, respectively [12] ; Raff in 1998 reported a three-generation family with a triad of BDA1, abnormal menisci, and scoliosis segregate as an autosomal dominant osteochondrodysplasia [14] . Den Hollander in 2001 did the first prenatal diagnosis of brachydactyly type A1 for a pregnant woman with this phenotype [18] . Giordano in 2003 described an Italian BDA1 family with three affected members in three different generations [19] .
Armour [15] in 2000 made an assessment of a Canadian family with mild BDA1. The principal characterizations of these patients showed shortened middle and distal phalanges, proximal 1 st phalanges, and 5 th metacarpals. No phalanges fusion was found. The feet were similarly involved. Coned epiphyses or evidence of premature fusion of the growth plates involving the middle phalanges was common in the children (Fig 2A) . Relatively short stature in affected members was also noted.
Yang et al [16] in 2000 described two large Chinese BDA1 families, of which family I showed all the manifestations that are common to other reports reviewed by Fitch 1979[22] . However, several affected members had some manifestations beyond Fitch's description including the shortened distal phalanges, metacarpals and proximal phalange of digit 5. The phenotypes in family II were similar but more severe than those in family I, of which most affected members had all middle phalanges missing. Affected members in both families had normal stature and mental status but with different origins as demonstrated by a lack of common haplotype. One year later, Gao et al [17] (2001), working in the same lab as Yang, recruited a new BDA1 family in the study. In x-ray analysis, it showed that the hand bones of affected members had the same morphology ( Fig 2B) as those seen in families studied by Yang et al (2000) [16] but short stature in affected members was a significant feature.
Recently, a new autosomal recessive syndrome, namely Acrocapitofemoral Dysplasia (ACFD) was found in four children, also showing BDA1 phenotype (Mortier 2003 ) [23] . The clinical phenotype was characterized by short stature with short limbs, brachydactyly, relatively large head, and narrow thorax with pectus deformities. In the hands of those children, tubular bones, especially the middle phalanges, were shortened (Fig 2C) . In the hips, a characteristic egg-shaped femoral head was attached to a very short femoral neck (Fig 3) . These deformities were considered to be caused by cone-shaped epiphyses observed in the hands, the proximal part of the femur, and, to a variable degree at the shoulders, knees, and ankles. Only mild shortening of middle phalanges were observed in some parents of the affected subjects.
Molecular basis
The gene for BDA1 in two Chinese families (Yang 2000) [16] was first localized to an 8.1cM interval on chromosome 2q35-q36 flanked by markers D2S2248 and D2S360, with a maximum lod score of 6.59. Haplotype analysis suggested that the two families were not related. Interestingly, a second locus at 5p13.2-p13.3 in a Canadian family was identified by Armour in 2002 [24] , with a maximum lod score of 6.91 at D5S477. Haplotype analysis provided evidence of the gene within an 11cM critical region. Mapping to a new locus indicates that BDA1 is genetically heterogeneous. Very recently, Kirkpatrick (2003) [25] suggested the existence of a third locus for BDA1 in a Scandinavian family reported by Mastrobattista in 1995 [12] .
Mastrobattista [12] examined several candidate genes including HOXD, MSX1, MSX2, FGF1, and FGF2 but did not find any evidence of linkage. Until the year of 2000, the gene for BDA1 was successfully mapped to a narrow defined region of 2q35-q36 by Yang et al (2000) [16] . The IHH gene located in this region is known to mediate condensation, growth and differentiation of cartilage [26] from the experimental results of Ihh -/-knockout mouse with foreshortened forelimbs, unsegmented and uncalcified digits [27] . These all support IHH as a strong candidate gene for BDA1. Eventually, in 2001, this prediction was well favored by identification of three mutations in three unrelated Chinese BDA1 families, of which two had previously been shown to be linked to 2q35-q36 [17] .
IHH belongs to the Hedgehog family, which is a conserved signalling family in vertebrates and some invertebrates, and has two structurally highly similar members, SHH (Sonic hedgehog) and DHH (Desert hedgehog) [28] , with about 60% of overall amino acid and about 80% of the N-terminal domain identity, respectively. IHH contains three exons and translates 411 amino acids. Naturally, the hedgehog protein precursor of approximately 45 kD undergoes autocatalytic internal cleavage to yield a 25 kD Cterminal domain that is responsible for auto-cleavage and an approximately 20 kD N-terminal domain [29] , modified by cholesterol on C-terminus and palmitic acid on Nterminus [30, 31] , which has all known signalling activities. These hydrophobic moieties are thought to anchor Hedgehog on the cell surface of Hedgehog-producing cells [32] .
Gao et al [17] [25] and Giordano (2003) [19] in different populations. Essen-tially, 5 different missense heterozygous mutations, affecting just 3 different amino acids, have been identified in 6 unrelated families (Fig 4) . These are: (1) G283A resulting in Glu95Lys in a Chinese family [17] ; (2) A284G resulting in Glu95Gly in a Mexican family [25] ; (3) G298A resulting in Asp100Asn in both an Italian family and a Canadian family [19, 20] ; (4) C300A resulting in Asp100Glu in a Chinese family [17] ; (5) G391A resulting in Glu131Lys in a Chinese family [17] . It demonstrates that these highly conserved amino acids are important for the functioning of IHH in digital development and morphogenesis. Interestingly, another recent publication shows that homozygous IHH mutations can result in more severe phenotype [33] . Recently, two missense mutations (C137T resulting in Pro46Leu and T569C resulting in Val190Ala) in the signalling domain of IHH have been identified by Hellemans (2003) in two Acrocapitofemoral Dysplasia families [33] . Both mutant amino acids were also strongly conserved.
The IHH signalling pathway
Orthologues of IHH have been identified in other species, such as mice, rats, and chicken, etc. Mouse Ihh and human IHH share an almost identical structure in both signalling domain with 100% amino acid identity and protein precursor with 86% amino acid identity, respectively.
It has been demonstrated that Indian hedgehog is neces- sary for endochondral bone development, coordinating chondrocyte proliferation, chondrocyte differentiation and osteoblast differentiation through detailed studies on Ihhnull single and compound mutants engineered by sophisticated genetics techniques [27, [34] [35] [36] . Ihh is mainly expressed in prehypertrophic and early hypertrophic chondrocytes. It has been suggested that PTHrP (parathyroid hormone-related protein) mediates the effects of Ihh through the formation of a negative feedback loop [26, 37, 38] . Ihh stimulates chondrocyte proliferation directly and formation of the bone collar by controlling the differentiation of perichondrial osteoblasts. By means of a so far unidentified mechanism, Ihh also up-regulates the expression of PTHrP at the ends of long bones, which prevents chondrocyte from leaving the proliferative pool, and consequently determines the distance between PTHrP-expressing area and Ihh-expressing area (Fig 5) . Studies of bone explants in vitro demonstrate how FGF signals interact with the Ihh/PTHrP and the BMP signaling pathways to control chondrocyte development [39] . Upon cleavage, the signaling peptide of Ihh will bind its receptor, Patched. This binding abrogates the inhibitory effect of Patched on Smoothened, leading to activation of a cascade through Gli transcription factors [32] . Like Patched, Hip (hedgehog-interacting protein), another receptor for Hedgehog, is transcriptionally activated in response to Hedgehog signaling; and gain-of-function and loss-of-function experiments indicate that Hip binding of Hedgehog ligands attenuates Hedgehog signaling [40, 41] . Studies on Drosophila suggest that ttv (tout-velu), a drosophila gene homologous to the mammalian EXT gene family, encodes a glycosaminoglycan transferase involved in the biosynthesis of heparan sulphate proteoglycans (HSPG) that mediates the diffusion of Hh-Np (the cholesterol-modified form of the Hedgehog signaling peptide) in Hedgehog-receiving cells [42] . Recent studies of Dispnull mice indicate that Disp is also required for the transport of Hedgehog protein from its sites of synthesis [43, 44] . It has been demonstrated that cholesterol-modified Hedgehog appears to be required for formation of the secreted Hedgehog multimers that bury their hydrophobic moieties to facilitate the movement [45] (Fig 6) .
Discussion and Prospects
In terms of the known phenotype-genotype relationship, all the above cases can be generally divided into three groups: (1) typical BDA1; (2) mild BDA1; (3) ACFD (suggested to be named by the authors [23] ). The consistent features of typical BDA1 are pronounced with shortening of middle phalanges and proximal 1 st phalange in varying degrees, and the lack of the middle phalanges. In some cases, no epiphyses in affected children were delineated. For mild BDA1, the middle phalanges in even most affected members are short but not absent. Coned epiphyses are commonly observed in children. (The formation of cone-shaped epiphyses represents the initial stage of premature epimetaphyseal fusion resulting in growth plate disappearance before puberty and shortening of the bone involved.) Like mild BDA1, ACFD is characterized by cone-shaped epiphyses and pronounced shortening but no absence of middle phalanges (Fig 2) . More severe skeletal dysplasia is presented. In spite of the suggested classification, Haws and McKusick'survey (1963) [6] showed that in the hip of Farabee type brachydactyly patients, the articular surfaces were irregular, and the neck of the femur was usually short with a mushroom appearance of the femoral head, which are very similar to the phenotype of ACFD [23] in the hip. The shared or overlapped phenotype may be found in all the cases examined (Fig 3) .
Typical BDA1 and ACFD are caused by heterozygous and homozygous mutations in IHH, respectively, while linkage of mild BDA1 to a new locus at 5p13.2-13.3 [24] suggests that there is another candidate gene possibly involved in the IHH pathway producing a less severe phenotype. Armour (2002) studied two prime candidates including cadherin-6 and Npr3 in detail but no significant result observed [24] . However, the unlinked BDA1 family, which appears to have typical BDA1, reported by Kirkpatrick cannot fit into this classification. The suggested third locus was unmapped yet.
In order to compare the locations of those mutations, Gao et al in 2001 [17] and Hellemans in 2003 [33] have utilized the crystal structure of the signaling peptide of mouse Shh [46] for mutation analyses (Tab 1, Fig 7) . In these cases, the mutations were predicted to be clustered together in three locations, carboxy-terminal end, aminoterminal end and a possible groove structure, as demonstrated by adding SHH missense mutations causing HPE3 (holoprosencephaly 3) [47] . Evidence provided by Fuse (1999) [48] and Pepinsky (2000) [49] hinted that some amino acids were located in the regions less important or important for binding Hedgehog to its receptor, Patched. Nevertheless, those results are not indicative of the effects of the above mutations. Quantification analysis for ligands binding would give us more knowledge about how mutant hedgehog works with its ligands, such as Patched, Hip and potentially others, on the surface of cells. Detecting the change of signalling activity of mutant proteins through the Hedgehog downstream components, such as, Gli, is considered to be more feasible. The mutant amino acids might be important for the transport of IHH mediated by EXT and Disp. In our view, loss or gain of IHH function can be the cause of malformation but it is still difficult to explain why the IHH mutations affect certain specific skeletal elements, rather than the whole skeleton? For BDA1, haploinsufficiency of wild type IHH is a possible reason but heterozygous Ihh knockout mice are reported to show no relevant phenotype, whereas digital abnormalities in the mouse might have been overlooked, or might be strain-dependent.
To fully understand BDA1, it is necessary to distinguish the difference from brachydactyly type C (BDC) and brachydactyly type B (BDB), which show the similar characteristic defects. BDC can be differentiated from BDA1 in that BDC has involvement with the first metacarpal, whereas BDA1 has a short 1 st proximal bone although they both share the typical characteristic defect of shortening of the middle phalanges with short stature and hip dysplasia. Based on the degree of BDA1 involved, digits can be ordered as follows: 3 > 4 > 2 > 5, whereas digit 4 with BDC is the longest and least involved; and the apparent 'hypersegmentation' is classic for BDC but not for BDA1. BDC is caused by mutations in the GDF5 gene (growth/differentiation factor 5, also termed CDMP1) [50] which is expressed in developing joints and stimulates mesenchymal condensation and cartilage growth in early stage and plays a later role in the organization of joint formation and segmentation events [51] . GDF5 is a member of a sub- group of the BMP (bone morphogenetics proteins) family. Independent experiments suggest that Gdf5 and Ihh could inter-regulate to determine the joint formation or fusion [51] [52] [53] . Thus a complicated interactive cascade appears to exist between BMPs, especially GDF5, and IHH, accounting for maturation and growth of the cartilages and the establishment of boundaries between distal skeletal elements.
BDB's most severe phenotype appears in brachydactylies characterized by terminal deficiency of the fingers and toes. The milder form of it seems to be fusion of the middle and distal phalanges. Dominant mutations in ROR2 (an orphan receptor tyrosine kinase), which is expressed post-natally in articular cartilage, perichondrium, reserve and proliferation chondrocytes, have been identified as causing BDB [54] . Disruption of mouse Ror2 leads to profound skeletal abnormalities [55] . All endochondrally derived bones are foreshortened and misshapen, with a tendency toward greater distal abnormality. As with BDA1, the digits of Ror2 -/-mice were not only shortened, but the middle phalanges were also missing. Ror2 may be involved in Ihh signaling pathway since these two molecules both have critical roles in growth and in the patterning of growth plates and similar phenotype in mutant background.
Lehmann recently published an excellent paper that reports two missense mutations in BMPR1B (bone morphogenetic protein receptor 1B) causing brachydactyly type A2 (BDA2) [60] . Like BDA1, BDA2 is an autosomal dominant inheritance disease characterized by missing or shortening of middle phalange, but restricted to index finger, with lateral deviation of this finger. To a variable degree, shortening and deviation of the first and second toes was observed. It looks like a mild form of BDA1. Anyway, BDA1, BDA2, BDB and BDC show some overlapping features suggesting IHH, BMPR1B, ROR2 and GDF5 may interact to determine the formation of the phalanges and interphalangeal joints. Studies on BMPR1B and GDF5 mutant mice indicate that combinatorial GDF5/BMPR1B signalling can regulate chondrogenesis and segmentation of digits [61] . GDF5 binds to BMPR1B with the highest affinity compared with other BMPs [62] . And BMPR1B was showed to be required for Ihh and Gli1 expression through downregulating Gli2 and Gli3 [61] . Interestingly, heterozygous mutations in Nog can also cause multiple joint fusions of phalanges [63] . Noggin (encoded by the Nog gene) is the antagonist of BMPs.
During the time we are preparing this paper, Seki and Hata report their new finding [64] about a direct link between Indian hedgehog and BMP-Smad signalling pathway. CHIP (chromatin immunoprecipitation) based gene cloning experiment identifies Ihh as a target gene of BMP. Ihh can be upregulated by BMP or cotransfection of BMP7, Smad1, Smad4 and BMPR1B CA(constitutive active) due to Smad4 binding to GC-motifs within Ihh promoter region. Their work provides a good explanation of how Ihh and the BMP signaling pathways interact to control chondrocyte development as well as molecular basis of phenotype similarities (Fig 8) .
These results may open a new avenue to improve the understanding of the pathway of controlling the formation of joints and phalanges. However, the questions raised include: 1) how the signalling pathway passes the wrong message to the interphalangeal joints so accurately? Is it owing to gradient of molecules since both BMP and IHH seem to be morphogen? 2) How Ror2 plays a role in the BMP-IHH signalling pathway? Some unpublished data imply that Ror2 may interact with the BMP-pathway through a negative feed back loop. The answers to the above questions by further analysis of genotype-phenotype will provide important topics for future studies.
